We report the first observation of cations, dications and trications of large clusters of adamantane. Cluster formation was initiated near 0 K in helium droplets and ionization was achieved with one or more collisions with energetic He species (He*, He + or He* -). The occurrence of Coulomb explosion appeared to discriminate against the formation of small multiply charged clusters. High resolution mass spectrometry revealed the presence of "magic number" m/z peaks that can be attributed to the packing of adamantane molecules into cluster structures of special stability involving preferred arrangements of these molecules. These abundance anomalies were seen to be independent of charge state. While some dehydrogenation of adamantane and its clusters was seen as well, no major transformations into adamantoids or microdiamonds were observed.
INTRODUCTION
Adamantane, with its highly symmetric cage structure ( Figure 1 ) and unique thermal stability, has become a popular hydrocarbon molecule in a wide range of applications in material and polymer science, molecular electronics, biomedical sciences and chemical synthesis. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Furthermore, adamantane has achieved a reputation as the lowest member of the diamondoid family of molecules that are found naturally in such extreme and diverse environments as petroleum at depths accessed by commercial oil wells, where their thermal stability can serve to assess the extent of natural oil cracking, 11, 12 and apparently in dense interstellar clouds that contain microdiamonds where adamantane molecules may play a role as building blocks. [13] [14] [15] [16] [17] [18] Adamantane is the simplest polycyclic saturated hydrocarbon with a cage-like skeleton characteristic of the diamond lattice and so also is intrinsically interesting. Here we explore cationic cluster formation with adamantane with the intent to provide insight into the ability of these completely aliphatic rigid cages to pack themselves into preferred arrangements of enhanced stability, or "magic number" clusters, including perhaps arrangements that resemble diamondoids. The observation of cationic clusters of adamantane has not been reported in the literature previously. In our experiments we introduce adamantane molecules into He nanodroplets where they aggregate near 0 K and then expose the aggregates within the droplets to ionization by energetic helium ions or metastables (produced by impacting the He droplets with energetic electrons). The cations that are formed escape the droplets as the He atoms evaporate and then are identified with high-resolution mass spectrometry. The approach and methodology is similar to that adopted in our recent study of the packing in helium nanodroplets of methane, the smallest hydrocarbon molecule. 19 The mass spectra with methane provided clear evidence for magic number cations (CH4)n + with n = 14, 21, 23, 26, 29, 54 and 147 but these were difficult to relate to specific cluster structures, albeit the magic number at n = 54 was consistent with an icosahedral structure containing a vacancy at its center. Furthermore, formation of the dication clusters (CH4)n 2+ was observed for the first time with a threshold at n = 70. An overview of available results for magic cluster formation within and outside helium droplets will be provided in an upcoming review article (Mauracher, A.; Echt •N2, have been generated and observed previously by others in studies of the infrared spectrum of the adamantane cation. 20 These cluster ions were generated in a pulsed supersonic plasma beam expansion of adamantane by electron ionization followed by three-body aggregation of either He or N2 with a rotational temperature of less than 50 K.
EXPERIMENTAL DETAILS
Helium droplets were produced as a continuous beam by expanding ultra-pure 4He (99.9999%) at a stagnation pressure of 2.5 MPa through a 5 µm diameter aperture into a vacuum. The nozzle is mounted on a copper cylinder which is cooled to 9.5-10 K by a closed-cycle cryostat (Sumitomo RDK-415 F50H). Expansion conditions in the current work were chosen to yield helium nanodroplets with a mean size between 10 5 and a few droplets with 10 6 He atoms. 21, 22 After passing a conical skimmer (diameter 0.8 mm) to avoid shock fronts, the beam of He nanodroplets enters a differentially pumped chamber and traverses a heated pick-up cell (405 K) containing the vapor of adamantane. The sample was introduced via a heated tube from a reservoir attached to the vacuum chamber and kept at a temperature of 313 K. After the pick-up of adamantane molecules, the droplets passed through a second differentially pumped pickup chamber, allowing the option of adding a second dopant. Finally, the droplets passed through a second skimmer and entered another differentially pumped chamber, where they were exposed to an electron beam of variable energy (0-150 eV). Any positively charged ions produced were then extracted into a high resolution and high repetition rate reflectron time-of-flight mass spectrometer (Tofwerk). Detailed information can be found in refs. 23, 24 RESULTS AND DISCUSSION Ionization of the Adamantane Molecule. Mass spectra were obtained first for pure adamantane vapor, with and without embedding the adamantane into He nanodroplets. These spectra are shown in Figure 2 . Prominent features in the gas phase spectrum (top) include the parent cation (m/z 136) and weaker fragment ions with (in order of decreasing intensity) m/z 93, 79, 135, 80, 94, 67, 95 and 41 corresponding to the loss of C3H7, C4H9, H, C4H8, C3H6, C5H9, C3H5 and C7H11, respectively. Apparently, aside from C-H cleavage, the loss of C3 and C4 units is preferred.
The gas-phase spectrum shown in Figure 2 is taken at 80 eV and can be compared with the gas-phase electron impact spectra for adamantane available from the NIST Chemistry WebBook No experimental value for IE2 appears to be available in the literature. Our computations indicate a vertical second ionization energy of around 14.1 eV and an adiabatic value of 11.3 eV, rendering double ionization possible in helium nano-droplets. Geometry optimization suggests that the doubly ionized adamantane deforms without barrier by opening the cage structure. A1 2+ molecules are also absent in mass spectra without helium and much higher electron energies. This indicates that they fragment by Coulomb explosion immediately after formation. The large deformation energy associated with the exothermic opening of the cage structure can enhance the fragmentation dynamics. A standard DFT method on the B3LYP/6-311g(d,p) level of theory including Grimme D3 dispersion with Becke Johnson damping was harnessed for all computations with the gaussian 09 software reported in the present work. [27] [28] [29] [30] [31] [32] [33] Molecular geometries are given in the supplementary material.
Given the interest expressed in the literature in the inclusion complex He@C10H16, 34, 35 we should mention that we did not observe the inclusion complex cation He@C10H16 + in our mass spectra. Furthermore, we did not observe He attached to any product ion from adamantane doped He droplets, in contrast to other carbonaceous species embedded in He droplets [36] [37] [38] or studies where He was attached to cations in cryogenic traps 39, 40 or via coexpansion of ions in seeded beams 20 . 
Loss of H Atoms from Adamantane.
We see from Figure 3 that H loss persists and even becomes more extensive in the droplet spectra of the adamantane cluster ions. The H loss pattern in the trimer spectrum is representative of the H loss spectra observed for the higher cluster ions. In summary, a distributed charge on both moieties stabilizes the system compared to a localized charge on one of the constituents. A non-negligible contribution to D0 also arises from van der Waals forces; the binding energy of the neutral A2 dimer can be estimated with D0 = 0.14 eV (0.13 eV if corrected for the basis set superposition error using the counterpoise correction). Adamantane Cluster Cations. The mass spectrum given in Figure 4 shows clearly that helium droplet conditions are well suited for adamantane cluster formation and their mass spectrometric observation after ionization. Huge sizes of singly charged clusters are achieved involving well over 100 (m/z=13600) adamantane molecules, as well as doubly and even triply charged cluster ions. Also we should note the absence, within the limit of detection, of adamantane , with n from 52 to 105. The later onsets of these multiply-charged clusters with the size n of the clusters, compared with the onset of singly-charged clusters, can be attributed to Coulomb explosion of the multiply-charged clusters. Apparently Coulomb repulsion between charges renders (C10H16)n 2+ clusters unstable with n < 19 and (C10H16)n 3+ clusters already with n < 52.
Magic Number Adamantane Cluster Cations. Another striking feature of the adamantane doped nanodroplet mass spectra (see Figure 5) is the presence of anomalous or "magic number" peaks that are more intense than the following peak (by a factor of about 2 or more) for all three charge states. These reflect the presence of cluster ions with special stabilities. The magic numbers are as follows: Remarkably, the magic numbers are independent of charge state. Also, some patterns appear to be present: a difference of 4 for n between 75 and 79, 82 and 98 and between 104 and 124, and a difference of 9 between 52 and 79.
The anomalously large peaks at n=25, 26 in the dication spectrum in Figure 5 express the beginning of the stability pattern for the doubly charged clusters. In this figure the yield of multiply charged cluster ions that overlap with singly charged cluster ions, i.e. A2n
2+
or A3n
3+
and An + , were deduced from several mass spectra that were measured at different electron energies. Triply charged cluster ions are exclusively formed at electron energies higher than 40 eV and the yield of doubly charged cluster ions exhibits a much stronger dependence on the electron energy compared to the singly charged ions of similar mass to charge ratio (see Figure 7) . Furthermore, the contribution of doubly charged ions can be completely suppressed by changing the pickup conditions to prevent formation of large enough dopant clusters. Figure 6 shows a section of three mass spectra that were taken under conditions that favor (large droplets and high electron energy) or suppress (small droplets and low electron energy) the formation of multiply charged adamantane cluster ions. Please note that the anomalously high yield for the ion designated with A52 2+ + A26 + in the upper panel of Figure 6 originates exclusively from the contribution of the dication. which they have been attributed to packing of a cation that leads to closure of the first icosahedral shell (n = 13) and the formation of a nested icosahedron (n = 19). This seems also to be the case for adamantane. Further packing to form the next icosahedron (n = 55) does not seem to occur with adamantane. Insight into the nature of the structure of the higher magic cluster ions is provided by a very recent computational study of the equilibrium shapes of assemblies of colloidal particles with n between 3 and 85 that interact via an experimentally validated pair potential. 43 Magic number clusters that result from fcc packing were predicted for n = 38, 52, 61, 68, 75 and 79. These correspond exactly with the magic number adamantane clusters observed in our droplet experiments in the three charge states (see Figure 5 ). The n= 68 signal does not peak as the others do, but there is a sharp drop in signal by almost a factor of 2 in going to n = 69. This perfect agreement of our observed magic numbers for adamantane clusters with shell closures for fcc packing suggests a structural transition of adamantane clusters from icosahedral to fcc packing at a cluster size between n=19 and 38. Diffraction experiments of gas phase adamantane clusters utilizing free electron lasers 44, 45 or high resolution transmission electron microscopy measurements of soft-landed clusters [46] [47] [48] could provide a direct determination of the structural arrangement of individual clusters.
There is more uncertainty about the nature of the highest cluster cations, especially 82 and 104 that appear to be "core ions" for the +4 sequences from 82 to 94 and 104 to 124. Perhaps 82 and 104 (and some of the others) are a consequence of further FCC packing (the computations in Ref. 43 did not attempt predictions beyond 85) and tetramers of adamantane of special stability (eg. tetrahedrons) prevail in some of the larger adamantane clusters and add to these two core ions. There is a clear onset for the formation of the singly charged adamantane cluster cation (with n = 22) at IE(He). We also observe a weak signal of singly-charged adamantane clusters at electron energies higher than about 20 eV which indicates that also He* weakly contributes to the formation of these ions. Metastable helium is heliophobic and normally does not interact with heliophilic dopants. However, the heavy doping in the present experiment leads to a massive loss of helium and thus the thin remaining layer of helium can be penetrated by the He*. For dehydrogenated cluster species (except for the dimer) we observe also two threshold energies, however, one at around the ionization energy of He and a second one around 40 eV. With increasing number of hydrogens lost, the contribution with the 40 eV threshold becomes more important. The adamantane cluster dication with (n = 41) has the same onset and so is also produced by He Table S1 in the supplementary information summarizes the threshold energies determined for product ions obtained via electron ionization of helium droplets heavily doped with adamantane. Figure 7 . Ion efficiency curves for three selected adamantane cluster ions of different charge states. All curves were normalized at an electron energy of 100 eV. Conditions: helium stagnation pressure: 2 MPa, He temperature: 9.65 K, adamantane pressure 0.16 mPa, electron current 100 µA. The left arrow indicates the ionization energy of He and the right arrow twice the excitation energy of He*.
CONCLUSIONS
The aggregation of adamantane, the building block of diamondoids and perhaps diamonds, has been explored in its ionized form near 0 K in He droplets where aggregation is extremely favorable. Aggregation of the first three charge states of adamantane was achieved up to huge cluster sizes (more than 100 molecules) with some dehydrogenation. Single and double collisions with energetic helium species (He*, He + or He* -) were shown to readily initiate single and multiple ionization of these clusters. The occurrence of Coulomb explosion appeared to discriminate against the formation of small multiply charged clusters. No adamantoid or microdiamond formation was evident in the presence of the charged or excited helium species. Most noteworthy was the tendency of these aggregates to assimilate in structures of special stability that were easily visible as anomalous m/z peaks at "magic number" cluster sizes measured mass spectrometrically. Many of these structures were consistent with previous observations in our laboratory of rare gas clusters, for example, and predictions of stable structures computed by others.
